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Sixty strains of Escherichia coli belonging to enteropathogenic serogroups (EPEC) were examined for the ability to adhere to HEp-2 cells, the possession of the genes encoding EPEC adherence factor (EAF) and the ability to express an outer-membrane protein (OMP) of 94 kDa thought to be involved in bacterial adhesion to eukaryotic cells. An absolute correlation was found between HEp-2 adhesion and the possession of the genes encoding EAF. An OMP of 94 kDa was observed in the SDS-PAGE profile of most adhesive strains. In some strains this protein was prone to proteolytic degradation. An antiserum raised to a HEp-2 adhesive strain of EPEC did not react with the 94 kDa OMP of all EPEC which were EAF-positive and HEp-2 adhesive, indicating some interstrain antigenic variation of this protein. Although this 94 kDa protein was surface-exposed, specific antibodies binding to the 94 kDa protein in situ in the outer membrane did not interfere with adhesion of EPEC to HEp-2 cells. Therefore, these studies question the value of this protein as a potential vaccine component.
I N T R O D U C T I O N
Enteropathogenic Escherichia coli (EPEC) comprise serogroups traditionally associated with outbreaks of infantile enteritis (Taylor, 1961) and are still a significant cause of diarrhoea in infants in developing countries (Edelman & Levine, 1983; Gross & Rowe, 1985) . The more common EPEC serogroups (055,086,0111,0114,0125,0126,0127,0128 and 0142) do not have the well-recognized virulence properties such as the ability to produce heat-labile (LT) and heat-stable (ST) enterotoxins, or to invade the gut mucosa (Edelman & Levine, 1983; Gross & Rowe, 1985) .
The ability to adhere to HEp-2 cells is a property of some EPEC (Cravioto et al., 1979) and appears to correlate with the adhesion of these bacteria to the intestinal mucosa in vivo (Baldini et al., 1983) . Ultrastructural examination of intestinal biopsy tissue sections from cases of EPEC diarrhoea has demonstrated a close association between EPEC and the enterocyte membrane such that the latter forms a cup-like pedestal (Ulshen & Rollo, 1980; Rothbaum et al., 1982) . Although some strains possess type-1 fimbriae, EPEC isolated from outbreaks of infantile enteritis do not exhibit mannose-resistant haemagglutination (Cravioto et al., 1979) ; also, HEp-2 adhesion does not appear to involve fimbriae (Scotland et al., 1983) .
Two distinct patterns of EPEC adherence to HeLa cells have been observed (Scaletsky et al., 1984) : bacteria either attach as small foci (localized adherence) or they adhere to the entire surface of the HeLa cell (diffuse adherence). Subsequently, localized and diffuse adherence patterns were also observed with HEp-2 cells (Nataro et al., 19856) . The abilities of EPEC to adhere in either a localized or diffuse manner are encoded on genetically distinct plasmids (Nataro et al., 1985b) . Adhesion to HEp-2 cells depends on the possession of a 50-70 MDa
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plasmid (Baldini et al., 1983) encoding EPEC adherence factor or EAF (Levine et al., 1985) . One gene product of the EAF plasmid is an outer-membrane protein (OMP) of 94 kDa. The role of the EAF gene product(s) in the pathogenesis of EPEC-mediated diarrhoeal disease is unclear. However, human volunteer studies by Levine et al. (1985) showed that possession of the EAF plasmid contributed to the virulence of EPEC. Subjects were experimentally infected with a HEp-2 adhesive strain of serotype 0 127 : H6 (E2348/69) or with an isogenic derivative lacking this plasmid (termed pMAR2). Ingestion of strain E2348/69 caused diarrhoea in 90% of subjects, while only 20% of volunteers receiving the cured strain experienced diarrhoea. Because the sera from volunteers infected with E2348/69 contained antibodies to the 94 kDa OMP these workers postulated that this OMP might be a putative vaccine immunogen. Nataro et al. (1985a) used a 1 kb DNA probe lying within the adherence region of the plasmid pMAR2 to screen strains of EPEC isolated during outbreaks of diarrhoeal disease in Peru. Based on their data, strains of EPEC were grouped into class I, comprising serogroups where sequences hybridizing to the probe were most frequently detected (055, 0 1 1 1, 0 1 19, 0 1 27, 0128 and 0142), or class 11, for serogroups which were generally not detected with the probe (044, 086 and 0114).
The mechanisms involved in HEp-2 adhesion by EPEC are unclear and only a small number of strains have been examined. In the present study, 60 strains belonging to 10 EPEC serogroups were used to examine the relationship between the ability of strains to adhere to HEp-2 cells, the ability to express an OMP of 94 kDa, and the possession of the genes encoding EAF. In addition, an antiserum raised against a strain showing localized HEp-2 adherence was used to assess the degree of antigenic relatedness or similarity of the 94 kDa OMP within strains of EPEC expressing this protein, and also to determine the effect on EPEC adhesion to HEp-2 cells of antibodies binding to the 94 kDa OMP.
METHODS
Bacteria. Strains of E. coli used in this study were selected to include both class I and class I1 serogroups as described by Nataro et al. (19854 (Table 1 ). The strains were isolated from cases of diarrhoea and stored on Dorset egg slopes at room temperature in the Division of Enteric Pathogens. Two variants of wild-type E. coli which had lost the ability to adhere to HEp-2 cells were also examined. Strains E20517 (serotype 0 1 11 : H2) and E2347/69 (serotype 0127 : H6) both contain EAF plasmids which show dual drug incompatibility with plasmids of group F I and F IV. A drug-resistant plasmid of incompatibility group F IV was used to displace the EAF plasmids from E20517 and E2347/69, and was then itself lost from the strains to give EAF-negative variants of E20517 (60R556) and E2348/69 (60R317) (M. McConnell, unpublished data). Strains E20513 and E2347/69 were isolated from the same outbreaks as strains E20517 and E2348/69 respectively. Strain E20513 was indistinguishable from strain E20517 by SDS-PAGE and similarly, E2347/69 appears identical to strain E2348/69. The latter strain carrying plasmid pMAR2 was used by Baldini et al. (1983) to examine the distribution of EAF genes within strains belonging to EPEC serogroups.
Media and culture conditions. Bacteria used in the HEp-2 adhesion assay were grown in peptone water containing 1 % (w/v) Dmannose as described by Cravioto et al. (1979) . For the preparaton of outer membranes, bacteria were grown in 200 ml peptone water (37 "C, 20 h) with shaking (1 50 r.p.m.). Mannose did not influence the expression of OMPs and consequently was omitted from media used for growing bacteria for the purpose of outer membrane preparation. HEp-2 cell adhesion. The ability of strains of E. coli to adhere to HEp-2 cells in the presence of Dmannose was determined by the method of Cravioto et al. (1979) as modified by Scotland et al. (1983) , using a 6 h incubation period for bacterial adherence. A measure of bacterial adhesion was obtained by calculating the percentage of HEp-2 cells with more than 50 adherent bacteria.
DNA hybridization. The EAF probe consisted of a 1 kb BamHI-SalI restriction fragment derived from the plasmid pMAR2 (Nataroetal., 1985~). Strains were prepared for colony hybridization as described by Maniatis et al. (1982) . Hybridization and washing at 'high' stringency were carried out as described by Willshaw et al. (1985) .
Zsolation ofouter membranes. Outer membranes were prepared for SDS-PAGE and proteins detected as outlined by Chart & Griffiths (1985) . Cytoplasmic membrane proteins were solubilized using the detergent Sarkosyl. Protein molecular mass standards in the range 92.5-14.4 kDa were obtained from Bio-Rad. Immunoblotting was done as described by Stevenson & Griffiths (1985) . Antibodies bound to antigens on nitrocellulose sheets were detected using * 251-labelled goat anti-rabbit antiserum. Unlabelled goat anti-rabbit IgG (H + L) antiserum was obtained from Miles Laboratories.
HEp-2 adhesion by EPEC 1317
Rabbit antiserum. Antiserum to E. coli strain E20513 was raised in a New Zealand White rabbit which did not have preimmunization antibodies to the 94 kDa OMP. Approximately lo9 formalinized whole bacteria [20 ml 1 % (v/v) formalin in PBS (0.15 M-NaCl, 0.15 M-sodiUm phosphate, pH 7.2) overnight at 4 "C] were washed three times in PBS and suspended in Freund's incomplete adjuvant prior to injection intradermally at multiple sites. A second inoculum, also in incomplete adjuvant, was given intramuscularly 3 weeks later. After a further 10 d the rabbit was bled from the marginal ear vein and serum prepared.
Antibody binding to OMPs. The reaction of antibodies with surface-exposed OMPs was determined by an immunoprecipitation reaction using radiolabelled bacteria. Surface-exposed proteins were selectively radiolabelled with lZsI based on the methods of Johnstone & Thorpe (1982) . Bacteria (200 mg wet wt ) were suspended in 0.5 ml PBS and mixed with 40 p1 lactoperoxidase ( 5 mg m1-I' Sigma) and 1 mCi (37 MBq) carrier-free Na12sI. The reaction was initiated by the addition of 50 pl0.01 M -H ,~, and the reaction maintained by further additions of H 2 0 z at 3,6 and 9 min. At 12 min the reaction was stopped by the addition of 20 ml phosphate-buffered iodide (PBI) (KCl, 0.7 g; Na,HPO,, 1-44 g; KH2P04, 0.125 g; KI, 0.83 g; in 1 litre) and the cells washed three times in PBI.
Bacterial antigen-antibody complexes were detected by immunoprecipitation using Protein-A Sepharose (Pharmacia) (Johnstone & Thorpe, 1982) . Radioiodinated bacteria (200 mg: see above) were suspended in 100 p1 antiserum and mixed using an orbital shaker (100 r.p.m.) for 20 min (20 "C), prior to sedimentation (12500g, 10 min) and washing twice with PBS. The resultant bacterial pellet was suspended in 250 p1 1 % (v/v) Zwittergent TM 314 (Calbiochem) in PBS and incubated at 40 "C for 1 h. The preparation was centrifuged (12500g, 10 min) and the supernatant fraction collected and mixed (as above) (15 min, 20 "C) with 80 pl Protein A-Sepharose 4BC1 suspended in PBS (50 mg ml-l). Antigens bound to the Protein A-Sepharose were sedimented (600g, 30 s) and washed twice in 1 ml 1% Zwittergent (as above). The pellet was suspended in SDS-PAGE solubilizing buffer (Laemmli, 1970) immediately prior to electrophoresis. Following SDS-PAGE, gels were stained with Coomassie Brilliant Blue-R (Sigma) (Laemmli, 1970) , dried, and radiolabelled proteins detected by autoradiography (Kodak X-Omat film).
Expression of 94 kDa OMP during HEp-2 adhesion. Expression of a 94 kDa protein by strain E20513 during the HEp-2 adhesion process was also examined. Bacteria and HEp-2 cells were allowed to interact as described above with the exception that tissue culture bottles (80 cm2 surface area) were used instead of tissue culture dishes. Following the 6 h incubation period, non-adherent bacteria were washed from the HEp-2 cells with Earle's salt solution (Flow Laboratories). The contents of the bottles were harvested into 25 mM-Tris/HCl buffer (PH 7.4) and processed for the preparation of outer membranes. HEp-2 cells alone were processed concurrently.
Adhesion of bacteria in the presence of antibodies to 94 kDa protein. The ability of the HEp-2 adhesive strain E20513 to adhere to HEp-2 cells in the presence of homologous antiserum was tested using various regimes of antibody concentration and times of incubation in the routine HEp-2 adhesion assay. The antiserum used for these experiments was incubated at 56 "C for 30 min to destroy complement activity.
RESULTS

Adhesion of EPEC to HEp-2 cells
Sixty wild-type strains of EPEC belonging to 10 different serogroups were examined for the ability to adhere to HEp-2 cells; 35 were adhesive (Table 1 ) and adhered in a localized manner. Strains from serogroups 0 1 11 and 0 1 19 were all HEp-2 adhesive, while none of the strains belonging to serogrups 044 and 086 were adhesive. Of the 35 adhesive strains, 26 exhibited 100% adhesion, with the remaining 9 strains exhibiting adhesion values ranging from 42 to 90% (mean value 75%). Strains 60R556 (derived from strain E20517) and 60R317 (derived from strain E2348/69) were 20% and 2% adhesive, respectively. Strains belonging to serotype 0127 : H4 were not HEp-2 adhesive, whereas strains of serotype 0127 : H6 were HEp-2 adhesive. Other H-antigen-related adhesion effects were not observed.
DNA probe for the detection of EAF genes
All 35 wild-type strains which adhered to HEp-2 cells hybridized with the DNA probe prepared from plasmid pMAR2 ( Table 2 ). The 25 non-adherent wild-type strains, and strains 60R556 and 60R317 did not hybridize with the probe.
Expression of 94 kDa OMP
The extent to which the 94 kDa OMP occurred in the 60 strains of EPEC was investigated. The SDS-PAGE profile of the OMPs from a typical HEp-2 adhesive strain (E205 13) is shown in
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Fig. 1. SDS-PAGE profiles of OMPs (30 pg per lane) isolated from strain E20513 (lane 1) and its isogenic plasmidless variant 60R556 (lane 2)
. Strain E20513, carrying an EAF plasmid, expressed an OMP of 94 kDa (arrow) which was absent from the profile of the plasmid-cured variant 60R556. Lanes 3 and 4 show an autoradiogram from an immunoblot demonstrating that antibodies raised to strain E20513 react with OMP profiles from strain E20513 (lane 3) and its derivative 60R556 (lane 4). Nitrocellulose strips were incubated with 30 pl antiserum. A reaction with a protein of 94 kDa was detected in the profile from strain E20513 which was absent from the profile of the plasmid-cured derivative strain 60R556. Lanes 5-7 show an autoradiogram of SDS-PAGE protein profiles of 251-surface-labelled strain E20513. Protein profiles from whole bacteria (lane 5) show that numerous OMPs were radiolabelled (exposed to X-ray film for 2 d). Immunoprecipitating bacterial proteins using an antiserum raised to strain E20513 showed the predominant antigens to be OMPs of 90 and 94 kDa (small arrows, lane 6). Increasing the exposure time from 2 to 7 d showed that these two proteins were indeed the major antigens detected by the antiserum (lane 7). The positions of protein standards are shown on the right. * The HEp-2 adherent strain was non-motile.
For one strain from each of these serogroups, the OMP was only observed when outer membranes were processed in the presence of PMSF (see text). Fig. 1 . The visualization of the 94 kDa protein band (arrowed) was facilitated by comparing the protein profile of strain E20513 (lane 1) with that of the plasmid-cured variant strain 60R556 which did not express this OMP (lane 2). Wild-type strains expressing a 94 kDa OMP are listed in Table 1 . A 94 kDa protein was observed in the OMP profiles of 28 of the 35 adherent strains. It was not seen in the profiles of one strain from each of serogroups 0 1 14,0119 and 0142, or in those from four strains of serogroup 0 1 25. When the serine protease inhibitor phenylmethylsulphony1 fluoride (PMSF) was incorporated into the solutions (10 mM) used for the preparation of outer membranes from these seven strains, a 94 kDa protein could be visualized in the OMP profiles of one strain from each of serogroups 0 1 14,0119 and 0125. A 94 kDa protein was not observed in the remaining four strains belonging to serogroups 0125 and 0142.
Reaction of antibodies with the 94 kDa OMP OMP profiles of strain E20513 and its isogenic derivative 60R556 were immobilized on nitrocellulose and reacted with antibodies raised to whole bacteria of strain E20513. The antibodies reacted with several OMPs in the profiles from both strains (Fig. 1) . However, a reaction with a 94 kDa protein in the profile of strain E20513 (lane 3) was absent from the profile of derivative 60R556 (lane 4). Preimmune serum did not contain antibodies to the 94 kDa protein (data not shown). Reacting the OMP profiles of the remaining 60 strains with the antiserum by immunoblotting showed that all strains belonging to the serogroup 0 1 11 expressed a 94 kDa protein detected by the antiserum to E20513 (serotype 0 1 11 : H2). Only two other strains, E380/69 (01 14) and E2348/69 (0127), expressed a 94 kDa protein that reacted with this antiserum (data not shown).
To determine whether the antibodies to the 94 kDa OMP would bind to this protein when in situ in the outer membrane, an immunoprecipitation reaction was carried out using the antiserum to strain E20513 and radioiodinated bacteria of the same strain (see Methods). The autoradiogram in Fig. 1 shows the bacterial proteins radiolabelled using lactoperoxidase (lane 5) and the proteins immunoprecipitated by antibodies raised to strain E20513 (lane 6). Two proteins of approximately 90 and 94 kDa were precipitated by the antiserum (arrowed). Increasing the time of exposure of the X-ray film to the radiolabelled profile from 2 to 7 d showed that these two proteins were indeed the major proteins deteced by this antiserum (lane 7). These proteins of 90 and 94 kDa were not immunoprecipitated when strains without the EAF plasmid were examined.
Expression of a 94 kDa OMP by EPEC during HEp-2 adhesion
Comparisons were made between the OMP profiles of strain E20513 grown in peptone water or when adhering to HEp-2 cells. A 94 kDa OMP band of similar intensity was seen in both profiles, suggesting that adherent bacteria were not expressing more of this protein than brothgrown organisms (data not shown). The antiserum raised to strain E20513 reacted with a 94 kDa OMP in both broth-grown and HEp-2 adherent bacteria in Western immunoblotting analyses (data not shown). The detergent used for the solubilization of the bacterial cytoplasmic membranes (Sarkosyl) completely solubilized HEp-2 cells. As a result HEp-2 cell protein profiles could not be prepared for comparison with the profile of OMPs from adherent bacteria, or for immunoblotting with the antiserum to strain E205 13.
HEp-2 adhesion of E20.513 in the presence of homologous antiserum
The antiserum raised to strain E20513 was used to determine the effect of antibodies recognizing the 94 kDa protein on the adhesion of strain E20513 to HEp-2 cells. Performing HEp-2 adhesion tests in the presence of the antiserum diluted in tissue culture medium to give a dilution range of neat to 1 : 200 failed to reduce the ability of strain E205 13 to adhere to HEp-2 cells (consistently found to be 100%). Preincubating the antiserum with bacteria (1 h, 37 "C) prior to addition to HEp-2 cells also failed to reduce the percentage of HEp-2 cells colonized by this strain.
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There was an absolute correlation between the ability of strains to adhere to HEp-2 cells and their hybridization to the EAF probe. However, the reduced adhesion by the EAF plasmidless strain 60R556 (from 100% to 20%) suggested that for some wild-type strains the entire adhesion process might not be encoded solely by EAF plasmids. These findings are supported by the work of Knutton et af. (1987) , who showed that the adherent strain E2348/69 (0127:H6) was still partially adhesive for enterocytes when cured of the EAF plasmid. Twenty-five of the test strains were non-adherent to HEp-2 cells and did not hybridize with the EAF probe, yet were originally isolated from patients with diarrhoea1 disease. Spontaneous plasmid loss, as occurred with pMAR2 from strain E2348/69 during experimental infection of human volunteers (Levine et af., 1985) , might explain this observation. However, one cannot exclude the possibility of other virulence mechanisms being involved in some of the above strains.
In the present study five of the six strains belonging to serogroup 0 1 14 were EAF positive and HEp-2 adhesive. This was in agreement with Cravioto et af. (1979) , who also found strains of this serogroup to be HEp-2 adhesive. This contrasts with the results of Nataro et af. (1985a) , who reported that none of their strains belonging to this serogroup carried EAF genes, although Scaletsky et af. (1985) found that three out of eight strains belonging to serogroup 0114 were adhesive in a diffuse manner.
Using strain E20513, bacteria adhering to HEp-2 cells were found to express an OMP of 94 kDa during the adhesion process. The observation that bacteria adhering to HEp-2 cells were not expressing more of the 94 kDa OMP than broth-grown organisms indicated that bacteria were not being selected on the basis of the amount of this protein being expressed. For some strains, the 94 kDa OMP could only be demonstrated when outer membranes were prepared in the presence of PMSF, indicating that the 94 kDa OMP of these strains was susceptible to endogenous proteolytic enzymes.
Although strains hybridizing with the EAF probe expressed a 94 kDa OMP, it remains unknown whether this protein is the actual adhesin or is only involved in the translocation of an adhesin onto the bacterial cell surface. Our observations indicate that both the 94 kDa and 90 kDa proteins are located on the surface of the bacterial outer membrane because of the ability of these proteins to react with a surface-labelling reagent and immunoglobulins. Lipopolysaccharide (LPS) side-chains can prevent antibody binding to OMPs (van der Ley et al., 1986) , which suggests that both the 90 kDa and 94 kDa OMPs might project beyond the LPS and possibly have a fibrillar-like structure.
Not all the 94 kDa OMPs cross-reacted with an antiserum raised to strain E20513, suggesting possible antigenic heterogeneity among the 94 kDa proteins expressed within the EPEC group. This is in contrast to the volunteer studies of Levine et al. (1985) , who demonstrated that human subjects receiving strain E2348/69 (01 27 : H6) raised antibodies to a 94 kDa protein which reacted with a protein of the same molecular mass in the outer membranes of strains from serogroups 0111, 0119 and 0142.
The antiserum raised to strain E205 13 had no noticeable effect on the adhesion of bacteria to HEp-2 cells. Since antibodies were shown to bind to the 94 kDa protein in situ, this suggests either that this protein does not function as the actual adhesin or that the antibody-binding sites on the protein have a location distinct from the region(s) involved in HEp-2 adhesion. Until further studies elucidate the actual mechanisms of EPEC adhesion to HEp-2 cells, it may be premature to suggest that the 94 kDa OMP warrants consideration as a putative vaccine component for the prevention of EPEC diarrhoea. 
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